ABSTRACT. Our objective was to estimate Bos primigenius taurus introgression in American Zebu cattle. One hundred and four American Zebu (Nellore) cattle were submitted to mtDNA, microsatellite and satellite analysis. Twenty-three alleles were detected in microsatellite analysis, averaging 4.6 ± 1.82/locus. Variance component comparisons of microsatellite allele sizes allowed the construction of two clusters separating taurus and indicus. No significant variation was observed when indicus and taurus mtDNA were compared. Three possible genotypes of 1711b satellite DNA were identified. All European animals showed the same restriction pattern, suggesting a Zebu-specific restriction pattern. The frequencies of B. primigenius indicus-specific microsatellite alleles and 1711b satellite DNA restriction patterns lead to an estimate of 14% taurine contribution in purebred Nellore.
INTRODUCTION
Domestic cattle breeds have been separated into two groups, taurine (Bos primigenius taurus) and zebuine (Bos primigenius indicus), according to center of origin (i.e., Western Europe/Northern Africa and India, respectively), which has been corroborated by morphological, biochemical, cytogenetic, and molecular characteristics (Loftus et al., 1994a,b; Bradley et al., 1996; MacHugh et al., 1997; Liu et al., 2003; Mannen et al., 2004) . Despite the observed physical differences, these groups are considered to be two subspecies due to offspring fertility (Kieffer and Cartwright, 1968; Manwell and Baker, 1980; MacHugh et al., 1997; Bradley and Cunningham, 1999) .
A matrilineal taurine contribution has been reported in Zebu cattle since its introduction to the American continent. According to historical data and mitochondrial genome studies (Loftus et al., 1994a,b; Edwards et al., 2000) , the majority of American Zebu cattle breeds were derived from backcrossing European B. primigenius taurus females and Asiatic B. primigenius indicus bulls. This hybridization was confirmed when the major contribution of the B. primigenius taurus mitochondrial genome in these animals was analyzed (Meirelles et al., 1999) .
Ever since the B. primigenius taurus maternal line contribution was assessed in the American Zebu cattle breeds, the question has been how much of the B. primigenius taurus genes are fixed or segregating in zebuine animals. Several nuclear markers can be used to follow the taurine and zebuine genomic segregation in backcrossed populations. Microsatellite alleles specific to Indian zebuine, African taurine and European taurine breeds have been identified by several authors (MacHugh et al., 1997; Loftus et al., 1999; Hanotte et al., 2000; Edwards et al., 2000; Ibeagha-Awemu et al., 2004) , and significant differences in the alelle frequencies among cattle breeds from Europe, Africa and India have also been observed. Zebuspecific alleles emphasize the divergence between B. primigenius indicus and B. primigenius taurus genomes (MacHugh et al., 1997) .
According to genetic distances showed by Bradley et al. (1998) , African bovine populations possess hybrid origin. B. primigenius indicus and B. primigenius taurus, both show taurine-specific mitochondrial DNA, and microsatellite frequency indicates African Zebu's hybrid origin.
The cattle nuclear genome contains several centromeric satellite DNA distributed in different loci and it was observed that the relative amounts of satellites and their sequence variants may fluctuate considerably (Nijman and Lenstra, 2001 ). �ecently, a 1711b centromerRecently, a 1711b centromeric satellite DNA restriction pattern suggestive of taurindicine hybridization of African populations was described (Nijman et al., 1999) . This satellite DNA represents 7.1% of the bovine genome (Macaya et al., 1978) . Variation in restriction patterns due to the relative proportion of B. primigenius taurus and B. primigenius indicus polymorphisms may contribute to estimating the taurine contribution to American Zebu breeds.
However, American Zebu cattle were clustered into two groups according to mtDNA: descendents of purebred of imported origin (POI) animals with B. primigenius indicus mtDNA and purebred origin (PO) with B. primigenius taurus mtDNA (Meirelles et al., 1999) . Nellore POI animals were used in our studies as controls. They contain mainly B. primigenius indicus genes and can be used to estimate the rate of taurus/indicus hybridization. The frequencies of B. primigenius taurus-specific haplotypes can be used as indicative of taurine genome contri-bution. The main purpose of the present study was to investigate the contribution of taurine genes to the Zebu American cattle breeds.
MATERIAL AND METHODS

Samples and DNA isolation
Genomic DNA was extracted from white blood cells according to standard procedures (Sambrook and Russell, 2001) 
Mitochondrial DNA PCR-RFLP
A subunit of the mitochondrial ND5 gene (nucleotide 11770 to 12525, according to Anderson et al., 1982) was amplified with primers 5'-CCCAACGAGGAAAATATACC-3' and 5'-AACCGCAAACAACCTCTTCC-3'. PC�s were carried out in a total of 25 µL using 1.5 mM MgCl 2 for 35 cycles of 30 s at 94°C, 45 s at 58°C and 90 s at 72°C. Amplified fragments were digested with endonuclease HindIII, for 3 h at 37°C, in PCR buffer and run on 1.5% agarose gel stained with ethidium bromide. The presence of the HindIII restriction site is indicative of B. taurus mitochondrial DNA origin (Meirelles et al., 1999) .
Microsatellite analysis
Each DNA sample was genotyped with five dinucleotide microsatellite markers: HEL1, HEL9 (Kaukinen and Varvio, 1993) , ETH225 (Steffen et al., 1993) , INRA063 (Vaiman et al., 1994) , and ILSTS005 (Brezinsky et al., 1993) . PCRs were carried out using 50 ng DNA template in a 25-µL total reaction volume under the following conditions: 200 mM dNTPs, 3.5 mM MgCl 2, 10 µM of each primer, 1.25 U Taq polymerase and 35 cycles of 30 s at 94°C, 45 s at 50-58°C and 45 s at 72°C. �everse primers were fluorescently labeled and PCR products were analyzed by electrophoresis on 6.5% denaturing polyacrylamide gels. Fragments were visualized through laser excitation in an FLA3000 (Fuji Film, Tokyo, Japan). Bands were analyzed and their size assessed by the Science Lab-Image Gauge software (Fuji Film).
Satellite 1711b DNA PCR-RFLP
An 875-bp fragment from bovine satellite 1711b DNA (Nijman and Lenstra, 2001 ) was amplified in Nellore, Caracu and European taurine breeds using 10 µM of a forward pri-µM of a forward priof a forward primer 5'-CCC ACT ACC TCT CTC TGA AAA-3' and reverse primer 5'-TGA TCC AGG GTA TTC GAA GGA-3', 3.5 mM MgCl 2 , 1.25 U Taq polymerase and 200 mM dNTPs.
DNA samples from a total of six animals from Holstein, Nellore harboring B. taurus mtDNA and Nellore harboring B. indicus mtDNA were amplified by PC� as described before. The amplicons were purified with a QIAEX II kit (QIAGEN Inc., USA) and sequenced with BigDye TM terminator chemistry (Applied Biosystems, USA), in an ABI Prism 377 DNA sequencer (Applied Biosystems).
Sequencing results from taurine and zebuine samples revealed a subspecies-specific MspI restriction site (i.e., restriction pattern B: 524 and 121 restriction sites present in taurine samples and restriction pattern A and/or AB: 121 and/or 524 restriction sites present in Nellore samples), which was selected for the screening process. Digestions of the PCRamplified fragments were carried out for 3 h at 37°C and fragments were visualized after electrophoresis on ethidium bromide-stained 2% agarose gels. The estimate of taurine/zebuine contribution was done by direct counting of animals with satellite DNA restriction patterns A, B or AB.
Statistical analysis
Microsatellites
Allele frequencies were estimated by direct counting and compared by the chi-square test. The observed heterozygosity (H O ) and unbiased gene diversity (H E ) for Nellore with taurus mtDNA, Nellore with indicus mtDNA and European breeds were calculated according to Nei (1987) . The deviation from Hardy-Weinberg equilibrium (HWE) was estimated using GENEPOP Package v.3.4 (Raymond and Rousset, 1995) .
Admix software (Chakraborty, 1985) was used to estimate the genetic admixture proportions from parental populations (European breeds and Nellore mtDNA indicus) on hybrid population (Nellore mtDNA taurus) using allele frequencies. European breed allele frequencies (Aberdeen Angus, Ayrshire, Charolais, Simmental, Holstein) were obtained from the Cattle Diversity Database maintained at the Roslin Institute (2001).
Satellites
Allele frequencies were analyzed using the generalized linear model methodology (Nelder and Wedderburn, 1972) and the SAS GENMOD procedure (Statistical Analysis System, version 8.02; SAS, 2004) . We assumed that the response variable (number of animals with satellite DNA restriction patterns A, B or AB) would have followed the Poisson distribution, which prompted us to use a nonlinear link function, h = log(m). The systematic part of the model considered, with a linear predictor, the restriction pattern effects nested in breeds, together with constant (m) and random residual effects (e k ).
RESULTS
Mitochondrial DNA
A total of 63% of the purebred Nellore samples analyzed showed B. primigenius taurus mtDNA. Figure 1 shows the restriction pattern obtained for B. primigenius indicus and B. primigenius taurus breeds.
Microsatellite analysis
Based on the mtDNA results obtained in the presence of HindIII assay, Nellore animals harboring taurus mtDNA (N = 65) and Nellore harboring indicus mtDNA (N = 39) were compared with European breeds. A total of 23 alleles were detected across 5 microsatellite markers, which represents a mean number of alleles (MNA) of 4.6 ± 1.82 per locus. Estimated allele frequencies are shown in Table 1 . H E and H O heterozygosities are shown in Table 2 . No significant differences were found in values obtained in either Nellore group (data not shown). The IN�A063 locus showed a significant deviation from HWE. The most polymorphic locus was ETH225, with 7 alleles. Although no mean allele frequency was observed between Nellore taurus and indicus groups, some alleles were found more frequently either in groups of animals containing indicus or taurus mtDNA. For instance, with the ETH225 most of Nellore indicus mtDNA showed 147-and 159-bp alleles, whereas Nellore taurus mtDNA only showed 143-and 161-bp alleles. Allele frequencies were used to estimate the genetic admixture proportions from parental populations (European breeds and Nellore mtDNA indicus) on the hybrid population (Nellore mtDNA taurus; Table 3 ). The results indicate that these animals contain an average of 14.2% of the residual taurine genome. Table 3 . Admixture proportions from parental populations in Nellore mtDNA taurus hybrid population.
Satellite 1711b DNA
Analysis of the MspI restriction pattern of the PC�-amplified 1711b satellite DNA revealed two alleles: one restriction site at position 121 (allele A) and two sites at positions 524 and 121 also homogeneously distributed (allele B). All samples from taurine breeds contained 100% of the B allele. Some Nelore and Caracu samples contained 100% of the A allele, while the remaining samples contained varying ratios of the A and B alleles, due to uneven number of satellite DNA copies of A and B patterns, respectively, in the same animal (Figure 2 ). The restriction site described in GenBank and by Streeck (1982) is only assumed to be at restriction site position 524 for MspI. Our sequencing data and �FLP analysis showed the absence of this site in some B. primigenius indicus sequences and the presence of this additional site at position 121. This is in agreement with Nijman and Lenstra (2001) with regard to Zebu and European breeds.
Frequencies comparing restriction patterns A, B and AB in Nellore, Caracu and European breeds are shown in Table 4 and the statistical analysis revealed that there are no differences between Nellore harboring indicus mtDNA and Nellore harboring taurus mtDNA for the A pattern frequency. A significant difference (P < 0.05) was found between Nellore harboring indicus mtDNA and Nellore harboring taurus mtDNA in the AB pattern frequency, probably originated by the variable number of copies of A and B patterns, simultaneously. Significant differences were also found for the B pattern comparing Caracu and Nellore harboring taurus mtDNA, Caracu and Nellore harboring indicus mtDNA and Caracu and European. As mentioned before European breeds showed only the B pattern and although no differences had been observed in the frequencies of the B restriction pattern between the two Nellore populations, those animals harboring mtDNA taurus showed a high frequency of the B pattern.
DISCUSSION
In this study, we used autosomal microsatellite and satellite markers to estimate the taurine participation in American Zebu breeds. A matrilineal European participation in Zebu cattle since its introduction to American lands has been reported. This genetic hybridization is confirmed by the significant contribution of B. primigenius taurus mtDNA to these animals. According to Meirelles et al. (1999) the two mitochondrial lineages found in American Zebu come from the introduction and establishment of Zebu breeds in America at the end of the XIX century. The importation of approximately 7000 animals from India to the Americas by Brazilian breeders and 800,000 animals from Europe during the same period (Magnabosco, 1997) can explain the observed pattern of genetic contribution of taurine cattle to American Zebu breeds.
Nellore is responsible for the majority of the Brazilian tropical herd. These animals are notably capable of enduring parasite infection as well as hot weather and low-quality feed. On one hand, these qualities suggest the large-scale application of this breed, but on other hand, this same breed is well characterized as being a poor food converter and consequently gains weight slowly compared with its B. primigenius taurus homologues. Taurindicine hybridization of bovine populations has been described based on mtD-NA, satellite and microsatellite allelic distribution (Nijman et al., 1999; Loftus et al., 1999) . MacHugh et al. (1997) and Hanotte et al. (1997) related the presence of specific loci (ETH225, ILSTS005 and HEL1) and alleles from African and Indian Zebu breeds when compared with European breeds. The estimated participation of B. primigenius taurus in African Zebu populations ranged from 17 to 40% according to MacHugh et al. (1997) . The distribution of allele frequencies of ETH225 between taurine and Zebu populations was also described by Hall and Bradley (1995) . Alleles with high molecular weight were more frequent in Zebu animals while taurine animals exhibited low weight. In our study, using the same microsatellite locus (ETH225) significant differences were not found between Nellore groups (taurine and Zebu mtDNA) but the higher frequency of 159 and 161 bp was also observed in both groups. For all microsatellites analyzed and using a similar methodology described by MacHugh et al. (1997) we found a hybridization degree of around 14%, which represents a 7/8 crossbred. Although with low values of hybridization, this preliminary estimate is consistent with the appearance of the typical Zebu phenotype of Brazilian Nellore.
The centromeric 1711b satellite DNA is an excellent marker for estimating the level of hybridization because of the dynamic of recombination and the high number of copies (Stephan, 1986) . The 1711b satellite DNA used in this study represents 7.1% of the bovine genome (Macaya et al., 1978) . No specific taurus alleles were found in the present study. However, Zebu polymorphism due to a C/T mutation at position 524 helped us to estimate the level of hybridization identified by microsatellite data. All European animals analyzed showed only the same B restriction pattern and thus the A pattern could be assumed to be Zebu-specific. When we analyzed the frequencies of the B restriction pattern, present in all B. primigenius taurus, we found that Nellore harboring taurus mtDNA showed higher frequency of this pattern compared with Nellore harboring indicus mtDNA (Figure 3 ). This finding corroborates the microsatellite data, showing a difference of around 6% between the Zebu-specific restriction pattern when compared to Nellore indicus and taurus mtDNA. 
CONCLUSION
In conclusion, we demonstrated that microsatellite and satellite markers are very informative and suitable for studying different populations, as here with Zebu and taurine cattle. The molecular marker estimate made herein, although preliminary, suggests a genetic hybridization, or taurindicine hybridization, of between 6 and 14%, consistent with the animal's phenotype. Further studies applying the new SNP technologies will certainly help to clarify this issue.
